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Dengue virulence and fitness are important factors that determine disease outcome. However, dengue virus 
(DENV) molecular biology and pathogenesis are not completely elucidated. New insights on those mechanisms 
have been facilitated by the development of reverse genetic systems in the past decades. Unfortunately, instability 
of flavivirus genomes cloned in Escherichia coli has been a major problem in these systems. Here, we describe the 
development of a complete reverse genetics system, based on the construction of an infectious clone and replicon 
for a low passage DENV-3 genotype HI of a clinical isolate. Both constructs were assembled into a newly designed 
yeast-H. coli shuttle vector by homologous recombination technique and propagated in yeast to prevent any possible 
genome instability in E. coli. RNA transcripts derived from the infectious clone are infectious upon transfection into 
BHK-21 cells even after repeated passages of the plasmid in yeast. Transcript-derived DENV-3 exhibited growth ki- 
netics, focus formation size comparable to original DENV-3 in mosquito C6/36 cell culture. In vitro characterisation 
of DENV-3 replicon confirmed its identity and ability to replicate transiently in BHK-21 cells. The reverse genetics 
system reported here is a valuable tool that will facilitate further molecular studies in DENV replication, virus at- 
tenuation and pathogenesis. 
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Dengue virus (DENV) is an arthropod-borne virus 
classified in the Flavivirus genus with four serotypes 
(DENV-1-4) responsible for a wide spectrum of clini- 
cal outcomes around the world. Other medical relevant 
viruses in this genus are yellow fever virus (YFV), West 
Nile virus, Japanese encephalitis virus and tick-borne en- 
cephalitis virus (Monath 1994, Lindenbach et al. 2007). 
The flavivirus genome consists of a 5' m7 G-capped 
single-stranded positive RNA of approximately 11 Kb 
in length, containing a single open reading frame (ORF) 
flanked by untranslated regions [5'-untranslated region 
(UTR) and 3'-UTR]. Release of virus RNA in suscep- 
tible cells leads to the translation of the ORF producing a 
polyprotein that is co- and posttranslationally processed 
to generate three structural (C, prM and E) and seven 
nonstructural (NSl, NS2a, NS2b, NS3, NS4a, NS4b and 
NS5) proteins (Chambers et al. 1990, Clyde et al. 2006, 
Lindenbach et al. 2007, Fernandez-Garcia et al. 2009). 

The use of reverse genetics systems has dramatically 
changed the study of RNA virus, allowing a wide range 
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of genetic manipulations in the cloned genome (Ruggli & 
Rice 1999, Bouloy & Flick 2009). The flavivirus infec- 
tious clone methodology was first established for YFV 
(Rice et al. 1989) and since then it has provided valuable 
insights in genome replication (Alvarez et al. 2005), vi- 
rus pathogenesis (Liu et al. 2006), vaccine development 
(Guy et al. 2008) and antiviral research (Puig-Basagoiti 
et al. 2005). Infectious cDNA clones have been success- 
fully developed for other flaviviruses (Yamshchikov et 
al. 2001, Pu et al. 2011) and DENV (Lai et al. 1991, Ka- 
poor et al. 1995, Puri et al. 2000, Blaney Jr et al. 2004). 
An alternative approach developed to study flaviviruses 
involves the construction of subgenomic replicons de- 
rived from the corresponding parental infectious clone 
(Jones et al. 2005, Alcaraz-Estrada et al. 2010). Lacking 
one or more structural proteins, replicons are capable of 
autonomous replication in susceptible cells even though 
they are unable to produce virus particles (Khromykh & 
Westaway 1997, Jones et al. 2005, Widman et al. 2008). 
Yet, most of these systems are based on established 
strains or clinical isolates adapted to growth in cultured 
cells after several passages and only few studies have 
focused in low passage virus strains (Kurosu et al. 2010), 
which are important assets in deciphering key elements 
in virus pathogenesis and virulence determinants (Ubol 
et al. 2008, Tuiskunen et al. 2011). 

In an ideal reverse genetics system, cloned flavivirus 
genomes should be stably propagated. Unfortunately, 
instability of full-length cDNA clones in Escherichia 
coli remains a major hold back to development of these 
systems (Polo et al. 1997, Ruggli & Rice 1999). The 
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genome sequence at tlie E/NSl region or an expressed 
product from tliat region appears to be associated with 
this toxicity (Polo et al. 1997, Blaney Jr et al. 2004), 
but others regions might be implicated as well (Pu et 
al. 2011). Several approaches have been developed and 
evaluated to overcome genome instability of flavivirus 
infectious cDNA clones, including: the incorporation of 
a linker containing redundant termination codons in the 
genome (Blaney Jr et al. 2004), the use of an in vitro li- 
gation strategy derived from two plasmids (Kapoor et al. 
1995), the use of low-copy number vectors (Bredenbeek 
et al. 2003) or bacterial artificial chromosomes (BACs) 
(Suzuki et al. 2007), the use of different E. coli strains 
(Sriburi et al. 2001) or the cloning in yeast cells (Polo et 
al. 1997). More recently, investigators were able to sur- 
pass genome instability by introducing silent mutations 
in cryptic promoters in the viral genome to lower E. coli 
promoter activity (Pu et al. 2011). In another strategy, 
DENV-3 genome was cloned as four segmented, sequen- 
tial fragments and directionally in vitro ligated to create 
a full-length infectious clone. While novel to flavivirus- 
es, this approach have been effectively used in coronavi- 
rus research (Messer et al. 2012). 

In this study, we report the successful development 
of a complete reverse genetics system, based on the con- 
struction of an infectious clone and a replicon for a low 
passage DENV-3 clinical isolate. Using homologous re- 
combination in yeast and a newly designed vector, we 
were able to overcome the inherent instability of flavivi- 
rus genome observed in E. coli. 

SUBJECTS, MATERIALS AND METHODS 

Cell lines and DENV-3 strain - BHK-21 cells were 
propagated at 37°C in a humidified incubator with 5% 
CO, in minimum essential medium supplemented with 
10% foetal bovine serum (FBS). Mosquito C6/36 cells 
were cultured at 30''C in Leibovitz's medium (L-15) with 
5% FBS. Both growth media were supplemented with 
1% antibiotic solution (containing penicillin and strep- 
tomycin). 95016/BR-PE/02 strain is a DENV-3 clinical 
sample isolated from an 11-year-old female patient dur- 
ing the DENV-3 epidemics in the state of Pernambuco, 
Brazil in 2002 (Cordeiro et al. 2007). The patient pre- 
sented typical symptoms of dengue fever. Virus was 
isolated in mosquito C6/36 cells (passage 1) and virus 
serotype confirmed by reverse transcription-polymerase 
chain reaction (RT-PCR). Virus stocks were produced in 
mosquito C6/36 cell cultures and stored at -70°C. The 
infectious clone and replicon described herein were de- 
rived from passage 3 in insect cells. 

E. coli strain, yeast strains and yeast transformation - 
Electrocompetent ElectroMAX DHIOB E. coli cells were 
acquired from Invitrogen. Saccharomyces cerevisiae 
RFY206 {MATa trplA::hisG his3A200 ura3-52 lys2A201 
leu2-3) strain (Finley Jr & Brent 1994) was grown in 
YPD media and made competent by lithium acetate treat- 
ment (Sambrook & Russell 2001). S. cerevisiae YPH252 
{MATa ura3-52 lys2-801 ade2-101 trpl-Al his3-A200 leu2- 
Al) strain (Sikorski & Hieter 1989) was purchased from 
ATCC. YPH252 transformation was carried out by elec- 
troporation as previously described (Meilhoc et al. 1990). 



Plasmid constructions - Plasmid pSVJSOl, a newly 
designed shuttle vector, was constructed as follows: 
a 2-kb fragment was amplified by PCR from pRS414 
(ATCC). It contains necessary elements to allow repli- 
cation (CEN6/ARS HI) and selection (TRPl) in yeast. 
The 5'-end primer used on this PCR reaction included a 
T7 promoter recognition site and a multiple cloning site 
(MCS). To assemble pSVJSOl, the 2-kb fragment was 
inserted into A'od-linearised pBeloBACU vector (New 
England Biolabs) by homologous recombination (Polo et 
al. 1997, Gibson 2009) in RFY206 yeast strain. Recom- 
binant clones were selected in drop-out YNB agar plates 
lacking tryptophan. Purified plasmid DNA was amplified 
in DHIOB E. coli strain in selective medium and analysed 
by restriction pattern on agarose gel electrophoresis. 

DENV-3 infectious clone was constructed as illus- 
trated in Fig. 1. DENV-3 genome was amplified in five 
overlapping subgenomic fragments (Table) using the 
KlenTaq LA polymerase mix (Clonetech), a high fidelity 
DNA polymerase enzymes mix. The first fragment (Fl) 
was amplified using primers pSVJSOl-F and DENV-3- 
1860 -R. The forward primer used on this PCR reaction 
included an Rsrll restriction site, a T7 promoter recogni- 
tion site and an additional G immediately before the first 
base of DENV-3 genome. Fragment F2 was amplified 
using primers DENV-3-1141-F and DENV-3-3521-R. 
This reaction used as template a RT product derived 
from a DENV-3 infectious clone recovered by in vitro 
ligation (JJS Santos & LHVG Gil, unpublished obser- 
vations) and introduced a unique 5amHI site into the 
DENV-3 infectious clone sequence reported on this pa- 
per. The third fragment (F3) was amplified with primers 
DENV-3-3481-F and DENV-3-4570-R while primer set 
DENV-3-4370-F and DENV-3-6700-R was used to am- 
plify fragment F4. The last fragment (F5) was amplified 
using primers DENV-3-6521-F and pSVJSOl-R. 

DENV-3 replicon was generated by a PCR-mediated 
deletion, eliminating almost the entire structural coding 
region [from nucleotide (nt) 454-nt 2336)], as depicted 
in Fig. 2, and cloned as a set of five fragments (Table), 
three of which have been previously described (F3, F4 
and F5). The first fragment (RFl) was amplified using 
primers pSVJSOl-F and rep-prM-SamHI-E-R, generat- 
ing a 0.5-Kb PCR product that retained the first six co- 
dons of prM. The second fragment (RF2) was amplified 
with primers rep-prM-5amHI-E-F and DENV-3521-R, 
producing a 1.3-Kb PCR product carrying the last 26 
codons of E protein. Primers rep-prM-5amHI-E-F and 
rep-prM-5amHI-E-R were engineered to insert a sin- 
gle BamWl site in the DENV-3 replicon sequence. Both 
constructs were assembled into A'od-linearised pSVJSOl 
vector by homologous recombination (Polo et al. 1997, 
Gibson 2009) in YPH252 yeast strain. Recombinant 
clones were selected in drop-out YNB agar plates, and 
then screened by PCR and DNA sequencing. Functional 
clones were maintained in yeast to prevent any instabil- 
ity of sequences in bacteria. Genome sequence was de- 
posited in the GenBank under the accession KC425219. 

In vitro transcription and transfection - Full-length 
PCR product from DENV-3 infectious clone was puri- 
fied by phenol-chloroform extraction, followed by etha- 
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nol precipitation. Full-length RNA transcripts were in 
vitro synthesised using the MEGAScript T7 kit (Am- 
bion) with the addition of a 7-methyl-guanosine cap ana- 
log (Ambion), following manufacturer's instructions. 
An aliquot from the reaction was analysed by formal- 
dehyde-agarose gel electrophoresis and RNA transcripts 
were used without further processing. Full-length RNA 
transcripts were introduced into BHK-21 cells by elec- 
troporation using the ECM 830 electro cell manipulator 
(BTX Harvard Apparatus). 2 x 10' BHK-21 cells were 
trypsinised and washed twice with serum-free medium, 
resuspended in 100 \iL Cytomix solution (Ansari et al. 
2004) and mixed with 5 |ig of transcribed RNA. Cells 
were transferred to an ice-cold electroporation cuvette 
with 0.2-cm gap. Electroporation was performed with 
two pulses of 100 |is at 1,200 V separated by 1 s inter- 
val. As negative control, BHK-21 cells were transfected 
under the same conditions except no RNA was added 
(mock). After electroporation, cells were allowed to re- 
cover for 10 min at room temperature and resuspended 
in complete growth medium. 

Immunofluorescence assay (IFA) - To detect DENV-3 
virus antigen, transfected cells were seeded onto glass 
coverslips. At different time points, RNA-transfected 
cells in glass coverslips were rinsed with phosphate 
buffered saline (PBS), fixed with 50% cold acetone (v/v) 
in PBS for 5 min at 4°C and air-dried. Fixed cells were 
incubated with a 1:100 dilution of a polyclonal hyper- 
immune mouse ascitic fluid (HMAF) for 1 h at 37°C. 



This HMAF was raised against group B flaviviruses, 
including YFV and the four DENV serotypes. While 
its reactivity has not been fully tested, this HMAF re- 
acts predominantly to E protein. After incubation with 
primary antibody, cells were rinsed twice with PBS and 
incubated for 1 h at 37°C with a 1:100 dilution of fluores- 
cein isothiocyanate (FITC)-conjugated anti-mouse IgG 
antibody (Sigma-Aldrich), developed in goat. Then, cells 
were rinsed twice with PBS and the nuclei stained with 
a Hoechst 33258 solution (Sigma-Aldrich). Prior visu- 
alisation by fluorescent microscopy, cell were washed 
twice with ddH^O, air-dried and mounted. Immunofluo- 
rescence analyses were carried out on a DMI 4000B in- 
verted microscope (Leica). 

Stability of DENV-3 infectious clone in yeast - To 
evaluate genome stability, cloned DENV-3 infectious 
clone was repeatedly propagated in yeast. Recombinant 
clones were grown in drop-out YNB agar plates at 
30°C for three days. Grown colonies were streaked out 
in fresh selective agar plates and incubated at 30°C for 
other three days. After 10 consecutive passages, plasmid 
DNA was purified and genome integrity was assessed 
by DNA sequencing and virus rescue. 

DENV-3 replicon RNA transcription and transfection 
- The entire DENV-3 replicon sequence was amplified 
by a high-fidelity full-length PGR. The PGR product was 
purified by phenol-chloroform extraction and ethanol pre- 
cipitation and used as a template for in vitro transcription. 
Replicon transcripts were synthesised using the MEGA- 
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Fig. 1: schematic diagram for the construction of a full-length dengue virus type 3 (DENV-3) infectious clone with the yeast shuttle vector pSVJSOl. 
DENV-3 genome was amplified in five overlapping subgenomic fragments: Fl, F2, F3, F4 and F5. Full-length DENV-3 infectious clone was assem- 
bled into pSVJSOl vector by homologous recombination, generating pSVJSOl-IC -DENV-3. A single BamHI site was engineered and incorporated 
into DENV-3 infectious clone sequence. Recombination sites (X) are indicated. NS: nonstructural; nt: nucleotide; UTR: untranslated region. 
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script T7 kit (Ambion) with the addition of a 7-methyl-gua- 
nosine cap analog (Ambion). RNA transcripts were elec- 
troporated into BHK-21 cells, as previously described. 

DENV-3 replicon transient replication assessed 
by RT-PCR - At different time points, total RNA was 
purified from BHK-21 cells transfected with DENV-3 
replicon using the Invisorb Spin Cell RNA mini kit (In- 
vitek), according to manufacturer's instructions. Total 
RNA isolation from mock-transfected BHK-21 cells was 
used as negative control. Quantified RNA preparations 
served as templates to RT using Superscript III Reverse 
Transcriptase (Invitrogen) with reverse primer DENV- 
3-3521-R (5'-ggattgccaaacacaagacac-3'), following the 
manufacturer's protocol. Standard PCR amplifications 
were carried out using RT products as templates and 
specific primers: DENV-3-1-F (5'-agttgttagtctacgtggac- 
cg-3') and DENV-3-3521-R (Table). RT-PCR products 
were analysed on agarose gel electrophoresis. 

Virus titration and growth curves - Virus titration 
was determined by /bcM^-forming essay in mosquito 
C6/36 cells, as described previously (Das et al. 2007) 
with modifications. Briefly, 2 x 10^ cells per well were 
seed in 24-well cell culture dishes 48 h prior to the as- 
say was conducted. Cell monolayers were incubated at 
30°C with 0.2 mL of serial dilutions of each virus. Af- 
ter removing the inocula, cells were covered with 1 mL 
of L-15 overlay medium, containing 1% carboxymethyl 
cellulose, 2% FBS and 1% antibiotic solution and incu- 
bated at 30°C. On day 5, overlaid medium was removed. 
Cells were fixed with 30% cold acetone (v/v) in PBS for 
13 min at room temperature and washed once with PBS. 
Fixed cells were incubated for 1 h at 37''C with a HMAF 
diluted 1:100 in ligation buffer. Cells were rinsed with 
wash buffer and incubated with a 1:500 dilution in liga- 
tion buffer of a horseradish peroxidase-conjugated re- 
combinant protein G (Invitrogen) for 1 h at 37°C. Cells 
were rinsed with wash buffer and foci developed by 
adding 3-amino-9-ethylcarbazole substrate buffer. Foci 



were counted and virus titres, expressed in focus-ioxm- 
ing unit per mL, determined by standard methods. For 
growth curves, 5 x 10^ mosquito C6/36 cells per well in 
a 24-well cell culture dishes were infected in duplicate 
with wild-type DENV-3 (WT-DENV-3) and transcript- 
derived DENV-3 at a multiplicity of infection (MOI) of 
0.1. Cells were incubated at 30°C for 1 h. After inocula 
removal, cells were washed twice with PBS and 1 mL 
of growth medium was added to each well. Aliquots of 
the supernatant of infected cells were removed daily and 
stored at -70°C. DENV-3 titres in each sample were de- 
termined by titration in mosquito C6/36 cells. 

Statistical analysis - Statistical analyses were per- 
formed using the GraphPad Prism 4 for Macintosh 
(GraphPad Software, Inc). Growth kinetics differences 
were analysed by a two-way ANOVA with a mixed lin- 
ear model for repeated measures, followed by a Bonfer- 
onni's corrected post hoc test for pairwise comparisons 
at each time point. The differences were considered sta- 
tistically significant at a p level of < 0.05. 

RESULTS 

Construction of a newly designed shuttle vector pS- 
VJSOl - Plasmid vectors and cloning hosts are critical 
to successful development of flavivirus infectious clone 
(Ruggli & Rice 1999). Many strategies to stabilise fla- 
vivirus genome aim to reduce plasmid copy number in 
E. coli by using low-copy plasmid or BAC vectors. We 
sought a similar approach to lower plasmid copy number 
in yeast by using a chromosome-derived origin of repli- 
cation. The pSVJSOl backbone is based on pBeloBACU, 
a BAC vector. To create the new shuttle vector, a 2-kb 
fragment was amplified by PCR from pRS414 contain- 
ing CEN6/ARS HI and TRPl. A T7 promoter recogni- 
tion site and a MCS were also engineered into this frag- 
ment. Plasmid pSVJSOl was assembled by inserting 
2-kb fragment into A'od-linearised pBeloBACU vector 
by homologous recombination. Purified plasmid DNA 
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Fig. 2: schematic diagram for the construction of a dengue virus type 3 (DENV-3) replicon with the yeast shuttle vector pSVJSOl. DENV-3 
replicon was generated by a polymerase chain reaction-mediated deletion into the structural proteins coding region [from nucleotide (nt) 454- 
nt 2336]. DENV-3 replicon was assembled into pSVJSOl vector by homologous recombination, creating pSVJS01-rDENV-3AprME. A unique 
BamRl site was inserted into DENV-3 replicon sequence as a genetic marker. NS: nonstructural; UTR: untranslated region. 
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was amplified in DHIOB E. coli strain and correct clon- 
ing of inserts was confirmed by restriction pattern on 
agarose gel electrophoresis (data not shown). 

Assembly of a full-length DENV-3 infectious clone 
- Fig. 1 shows the cloning strategy used to construct 
DENV-3 infectious clone. DENV-3 genome was am- 
plified from independent isolated cDNA clones in five 
overlapping subgenomic fragments. All five fragments 
required to produce DENV-3 infectious clone along with 
A'od-linearised pSVJSOl vector were introduced into 
YPH252 yeast strain by electroporation and a full-length 
infectious clone (pSVJSOl-IC-DENV-3) was assembly 
by homologous recombination. Sequence analysis con- 
firmed the successful construction of DENV-3 infec- 
tious clone and identified one silent mutation at position 
9490 (A9490G) in DENV-3 coding region. 

Virus rescue and in vitro characterisation of tran- 
script-derived DENV-3 - Full-length PGR amplicons de- 
rived frompSVJSOl-IC-DENV-3 #3 were in vitro synthe- 
sised and resulting RNA transcripts were electroporated 
into BHK-21 cells. Cells expressing DENV-3 proteins 
were easily detected four days after electroporation with 
DENV-3 full-length transcripts, as demonstrated by IFA 
(Fig. 3A). Increasing levels of antigen-positive cells were 
observed over time clearly showing RNA transcripts de- 
rived from pSVJSOl-IC-DENV-3 #3 are infectious in 
BHK-21 cells. On day 8, pronounced signs of cytopathic 
effect were visible in BHK-21 cell monolayers. In vitro 
characterisation by focus-ioxxmng assay of the rescued 
virus showed no significant difference between WT- 
DENV-3 (Fig. 4A) and transcript-derived DENV-3 (Fig. 
4B) in focus formation and size. Growth kinetics of tran- 
script-derived DENV-3 (Fig. 5B) was also equivalent to 
WT-DENV-3 (Fig. 5A) at MOI of 0.1 in mosquito C6/36 
cells. Transcript-derived DENV-3 grew slightly slowly 
than WT-DENV-3, but this difference was not statisti- 
cally significant (p > 0.05 at each time point). Both vi- 
ruses reached comparable virus titres on day 5. 
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Fig. 3; transcript-derived IC-dengue virus type 3 (DENV-3) #3 pro- 
tein expression in BHK-21 cells analysed by immunofluorescence as- 
say. BHK-21 cells were electroporated with in vitro transcribed RNA 
from IC-DENV-3 #3 infectious clone. On day 4 after electropora- 
tion, cells were fixed and incubated with a polyclonal hyperimmune 
mouse ascitic fluid raised against group B flaviviruses, followed by 
an anti-mouse IgG antibody conjugated to fluorescein isothiocyanate. 
Cell nuclei were stained with a Hoechst 33258 solution. Images were 
captured in a DMI 4000B inverted microscope (Leica) with a 200X 
magnification factor. A: BHK-21 cells electroporated with transcript- 
derived IC-DENV-3 #3; B: transcript-derived IC-DENV-3 #3 remains 
infectious after 10 repeated passages of the plasmid in yeast. 



Stability of the DENV-3 infectious clone in yeast - In 
order to further characterise DENV-3 infectious clone, 
the genome stability of functional cDNA clones was 
examined in yeast. Recombinant clones were grown in 
drop-out YNB agar plates for 10 subsequent passages 
separated by three days interval each. No alteration in 
growth characteristics, colony morphology or coloration 
was observed during these passages. RNA transcripts 
derived from DENV-3 infectious clone after repeated 
passages of the plasmid in yeast remained infectious 
upon transfection into BHK-21 cells, as shown in Fig. 
3B. More importantly, sequence analysis identified no 
additional mutation in the cloned genome, indicating 
DENV-3 infectious clone could be stably propagated in 
yeast for at least 10 passages. 

Construction and characterisation of a DENV-3 
replicon - DENV-3 replicon was generated by an in- 
frame deletion removing almost the entire prM-E cond- 
ing region (from nt 454-nt 2336), as illustrated in Fig. 2. 
Only the first six codons of prM and the last 26 codons 
of E were retained in the replicon sequence, as previ- 
ously described (Pang et al. 2001). DENV-3 replicon 
was cloned into A'o?I-linearised pSVJSOl as a set of 
five fragments by homologous recombination technique 
in YPH252 yeast strain, generating plasmid pSVJSOl- 
rDENV-3AprME. As part of the cloning strategy, a Bam- 
HI site was engineered into pSVJS01-rDENV-3AprME 
sequence to serve as a genetic marker. PCR amplifica- 
tion and digestion by restriction enzyme confirmed the 
successful deletion of the target structural protein cod- 
ing region (data not shown). Full-length PCR product 
derived from pSVJS01-rDENV-3AprME was in vitro 
transcribed and resulting DENV-3 replicon transcript 
was electroporated in BHK-21 cells. Total RNA was pu- 
rified and replication of DENV-3 replicon monitored by 
RT-PCR over time. On day 3 (Fig. 6B, Lane 2), a band 
corresponding to 1,646-bp in length was amplified by 
RT-PCR. Band size is coherent with the in-frame dele- 
tion in DENV-3 replicon (Fig. 6A). The same band was 
amplified on day 4 (Fig. 6B, Lane 3), but the intensity 
of the band was much higher than observed on day 3, 
showing DENV-3 replicon is functional and capable of 
autonomous replication in BHK-21 cells. This peak in 



Fig. 4: in vitro characterisation by ybcH.s-forming assay. Mosquito 
C6/36 cells were infected with either wild-type dengue virus type 3 
(WT-DENV-3) or transcript-derived IC-DENV-3 #3. After removing 
the inocula, cells were covered with overlay medium and incubated 
for five days. Cells were fixed and incubated with a polyclonal hyper- 
immune mouse ascitic fluid raised against group B flaviviruses, fol- 
lowed by a horseradish peroxidase-conjugated recombinant protein G. 
Foci were developed by adding 3-amino-9-ethylcarbazole substrate. 
A: WT-DENV-3 foci in mosquito C6/36 cells; B: transcript-derived 
IC-DENV-3 mfoci in mosquito C6/36 cells. 
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replication of DENV-3 replicon on day 4 is consistent 
with published results in the literature (Alcaraz-Estrada 
et al. 2010). However, replication of DENV-3 replicon 
is transient and no PGR amplification was observed on 
day 10 (Fig 6B, Lane 4). Digestion of RT-PCR product 
from day 4 with BamHl (Lane 5) generated fragments of 
1,192-bp and 454-bp, confirming the genetic marker was 
retained in DENV-3 replicon. 

DISCUSSION 

Flaviviruses research has experienced a remarkable 
progress by the advent of reverse genetics systems in the 
past decades. However, obtaining flavivirus infectious 
clones has not been an easy task. The single most re- 
ported hurdle in the establishment of these systems is an 
inherent instability of flavivirus genome in E. coli (Pu 
et al. 20 11). In this paper, the successful construction and 
characterisation of a complete reverse genetics system for 
DENV-3 has been described. This system was developed 
with a low passage DENV-3 clinical isolate. Infectious 
cDNA clone methodology has been developed for all 
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Fig. 5: transcript-derived IC-dengue virus type 3 (DENV-3) #3 and 
wild-type (WT)-DENV-3 growth kinetics in mosquito C6/36 cells. 
Mosquito C6/36 cells were infected in duplicate at multiplicity of in- 
fection (MOI) of 0. 1 with WT-DENV-3 or transcript-derived DENV-3. 
A sample of the supernatant of infected cells was collected daily and 
virus litres were determined by titration in mosquito C6/36 cells. No 
statistically significant difference in virus titre (p > 0.05) was found 
between the viruses at different time points. A: WT-DENV-3 growth 
curve in mosquito C6/36 cells; B: transcript-derived IC-DENV-3 #3 
growth curve in mosquito C6/36 cells; FPU: yocui-forming unit. 



four DENV serotypes and other major flaviviruses, but 
most systems utilised established strains or laboratory- 
adapted clinical isolates as parental virus. Even though 
the value of these studies is unquestionable, it is impor- 
tant to point out the need to expand this methodology for 
low passage clinical isolates to gain a complete picture 
in flavivirus biology, particularly in virus pathogenesis, 
virulence determinants and vector competence (Ubol et 
al. 2008, Tuiskunen et al. 2011, Cox et al. 2012). 

Our strategy employed the use of homologous re- 
combination in yeast cells to assemble DENV-3 infec- 
tious clone and replicon. Yeast strains are versatile and 
convenient cloning hosts, frequently used in the con- 
struction of reverse genetics systems for DENV (Polo et 
al. 1997, Puri et al. 2000, Pang et al. 2001, Pu et al. 2011), 
because they are more tolerant to unstable sequence than 
bacteria. Homologous recombination in yeast is also a 
simple and robust method with higher cloning efficiency 
when compared to standard cloning procedures in E. 
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Fig. 6: kinetics of dengue virus type 3 (DENV-3) replicon RNA syn- 
thesis in transfected BHK-21 cell. A unique BamHl site was inserted 
into DENV-3 replicon sequence during molecular cloning and used as 
a genetic marker. A: schematic diagram of rDENV-3AprME in-frame 
deletion and genetic marker analysis; B: at different time points, to- 
tal RNA was purified from BHK-21 cells transfected with rDENV- 
3AprME replicon. An 1,646-bp fragment spanning the BamHl site 
was amplified by reverse transcription-polymerase chain reaction 
(RT-PCR) on day 3 (Lane 2) and 4 (Lane 3) and analysed on agarose 
gel electrophoresis. The RT-PCR product on day 4 was digested with 
BamHl (Lane 5) generating fragments of 1,192-bp and 454-bp. No 
amplification was observed on day 10 (Lane 4). An 1 Kb plus DNA 
ladder (Invitrogen) was loaded on Lane 1; MW: molecular weight; 
NS: nonstructural; UTR: untranslated region. 
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coli (Gibson 2009, Shanks et al. 2009). We have also 
demonstrated the utility of pSVJSOl vector for stable 
propagation of DENV-3 genome in yeast. Several re- 
verse genetics systems were established using low-copy 
plasmid or BAG vectors in an effort to lower plasmid 
copy number in E. coli and, as consequence, achieve sta- 
bility of cloned genomes. In a previous attempt, we were 
only able to recovery a DENV-3 infectious clone by an in 
vitro ligation strategy using the pBSG shuttle vector (JJS 
Santos & LHVG Gil, unpublished observations). Despite 
this vector has been successfully used to manipulate 
pestivirus genomes (Ansari et al. 2004, Gil et al. 2006), 
pBSC vector carries a 2 (xm high copy number origin of 
replication. We hypothesised that reducing plasmid copy 
number in yeast using a chromosome-derived origin of 
replication would allow the successful assembly of a 
full-length DENV-3 infectious clone. 

In contrast with Pu et al. (2011), no silent mutations 
were necessary to be introduced to circumvent sequence 
instability and recovery a functional infectious clone. 
RNA transcripts derived from DENV-3 infectious clone 
were infectious upon transfection into BHK-21 cells. 
Transcript-derived DENV-3 exhibited growth kinetics, 
focus formation and size comparable to WT-DENV-3 in 
mosquito C6/36 cell culture. Of paramount importance, 
RNA transcripts remained infectious even after repeated 
passages of the plasmid in yeast. The long-term stability 
of many infectious clones previously described remains 
largely undetermined after serial passages of the cloned 
genome in the harbouring host. Only few reports have 
more closely investigated this stability of continuing 
propagated flavivirus infectious clones (Hurrelbrink et 
al. 1999, Bredenbeek et al. 2003, Pu et al. 2011). Most of 
their assessment relies on virus rescue from or restric- 
tion pattern of passaged plasmid. Our work went one 
step further showing not only the ability of rescuing vi- 
rus, but also that the nucleotide sequence of DENV-3 vi- 
ral genome remain unchanged after successive passages 
of the plasmid in yeast. 

Different approaches have been used for the con- 
struction of flavivirus replicons. We used an approach 
previously described for a DENV-2 replicon by selec- 
tively removing almost the entire prM-E coding region 
(Pang et al. 2001). DENV-3 replicon was also easily as- 
sembled into pSVJSOl shuttle vector. In vitro charac- 
terisation of DENV-3 replicon confirmed its ability to 
replicate transiently in BHK-21 cells. 

In summary, we describe an alternative and effective 
strategy to bypass flavivirus genome instability com- 
monly observed in E. coli by using homologous recom- 
bination in yeast and a newly designed pSVJSOl vector. 
This reverse genetics system will be a valuable tool for 
studying the molecular mechanisms involved in viral 
genome replication, virion assembly, virus pathogenesis 
and vaccine development. This approach can be applied 
to others DENV serotypes or flaviviruses. 
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